Introduction {#s1}
============

In proliferating eukaryotic cells, synthesis of ribosomes and proteins causes a continuous cell mass increase, from cell birth to cell division (Elliott and McLaughlin, [@B41]; Alberghina and Porro, [@B1]). Cell size homeostasis prevents cells from becoming too small or too large through the tight coordination between cell growth and cell cycle events (i.e., DNA replication, mitosis, and cell division). In the budding yeast *Saccharomyces cerevisiae*, such a regulatory step takes place in the unbudded, G1 phase of the cell cycle, at a regulatory area termed START (Pringle and Hartwell, [@B104]). At START cellular parameters (i.e., the metabolic state) and environmental factors, including nutrient availability (Lord and Wheals, [@B84]; Vanoni et al., [@B139]; Searle and Sanchez, [@B113]; Youk and van Oudenaarden, [@B152]; Busti et al., [@B17]; Gutteridge et al., [@B49]) and mating pheromones (Cross and McKinney, [@B29]), are integrated and contribute to the cells decision to divide, or to differentiate in a resting state (Alberghina et al., [@B2]). In higher eukaryotes, the Restriction Point (Pardee, [@B101]) similarly integrates environmental signals, notably including growth factors, and its dysregulation results in abnormal cell cycle and development of proliferative disorders (Pardee, [@B102]; Sherr, [@B115]).

In both yeast and higher eukaryotes, the G1/S transition involves a severe alteration in the transcriptional program controlled by a sequential and transient association of cyclin-dependent kinases (Cdks) with cyclins and inhibitors (Sherr, [@B115]). The major G1 targets of regulation form the so-called G1/S regulon, whose genes are up-regulated by either SBF complex (consisting of the transcriptional coactivator Swi6 and the DNA binding protein Swi4) and/or MBF complex (consisting of Swi6 and the DNA binding protein Mbp1) (Eser et al., [@B42]). Both heterodimeric transcriptional activators are negatively controlled: Whi5 inhibits SBF in early G1, while Nmr1 turns off MBF at the end of G1. To date, no data on Whi5 structure are available in literature.

In mammalian cells, the functional homolog of Whi5 is the multi-domain tumor-suppressor protein retinoblastoma (Rb) (Riley et al., [@B107]; Weinberg, [@B142]). Rb inhibits E2F transcription factors resulting in repression of E2F-target genes encoding G1/S-transition regulators. Upon multiple and sequential phosphorylation events mediated by cyclin D-Cdk4/Cdk6 and cyclinE-Cdk2 complexes, Rb undertakes complex and not entirely understood intramolecular rearrangements and releases E2F transcription factors (Rubin et al., [@B109]; Burke et al., [@B14], [@B15]; Suryadinata et al., [@B124]). Besides its central regulatory function in cell cycle progression, Rb regulates cellular differentiation, lineage commitment, apoptosis-dependent cell death, maintenance of senescence, or permanent cell cycle arrest, terminal differentiation and protection of genomic and chromosomal stability (Chicas et al., [@B22]; Heilmann and Dyson, [@B56]).

Many structural studies have been published on Rb, both alone and in complex with E2F domains (Lee et al., [@B79], [@B78]; Xiao et al., [@B147]; Rubin et al., [@B109]; Hassler et al., [@B54]; Balog et al., [@B7]; Burke et al., [@B15]). Concurrently, a large number of Rb-binding proteins have been identified (Burkhart and Sage, [@B16]), indicating that Rb may be a "hub" protein.

Hub proteins form a relatively small group of highly connected proteins (Jeong et al., [@B62]; Castagnoli et al., [@B18]; Ekman et al., [@B40]). A controversial debate has been focused on the occurrence and the role of structural disorder in hub functionality (Ekman et al., [@B40]; Schnell et al., [@B111]; Singh et al., [@B118]; Kim et al., [@B68]). From completely unstructured polypeptides to compact, molten globule-like ensembles containing substantial secondary structure, a variety of intrinsically disordered proteins (IDPs) has been already isolated (Marsh et al., [@B89]). Available data indicate that structural disorder is relatively more abundant among "date hubs" (Ekman et al., [@B40]; Singh et al., [@B118]), often consisting of a single-interface protein able to bind different partners at different times or localizations (Han et al., [@B50]). By contrast, in "party hubs," comparable to multi-interface platforms interacting with multiple partners at the same time (Han et al., [@B50]), the distribution of disorder-promoting residues is indistinguishable from the overall proteome (Ekman et al., [@B40]; Singh et al., [@B118]; Kim et al., [@B68]; Kahali et al., [@B64]). The different distribution of structural disorder among date- and party hubs may correspond to distinct functional needs. Rapid changes in affinity for a given interactor (Dunker et al., [@B37]; Dyson and Wright, [@B38]; Uversky et al., [@B137]; Haynes et al., [@B55]), and the ability to bind different partners over time, might allow a kind of "diachronical" promiscuity in date hubs; flexible connections among well-structured modules or domains might assist the simultaneous accommodation of different partners on a party-hub protein. Other than a functional mining, the extent of disorder might also have consequences in the rate of protein evolution, being less structurally constrained proteins more free to evolve. On the other side, it has been proposed that well-structured party hubs encounter low rate of sequence evolution, preserving especially amino acid residues buried at the interface of complexes (Mintseris and Weng, [@B91]; Kahali et al., [@B64]). As a result, party hubs show phylogenetic distributions broader than date hubs (Fraser, [@B46]).

In this paper we present a multi-scale comparison of Whi5 and Rb. Our investigations combined the use of a large array of predictive bioinformatic tools with *in-vitro* experiments on purified recombinant Whi5 from *S. cerevisiae* (Whi5^Sc^) or Whi5-derived peptides and analysis of interactome data of both Whi5 and Rb. We show that Whi5 is a largely disordered protein with features resembling those of date hubs, while Rb and its paralog pocket proteins p107 and p130---in which structured domains are linked by disordered regions---more closely resemble party-hub proteins. Comparative analysis of the Whi5 and Rb interactome highlights a significant core of conserved common functionalities associated with the interactors. In order to link biological mechanism to interactome data, we propose a concept map for Whi5 that vastly extends previous models of its functionality. Such a multi-scale approach indicates that structure and function of the network---rather than individual proteins---are conserved during evolution.

Materials and methods {#s2}
=====================

Expression and purification of Whi5^Sc^
---------------------------------------

The entire open reading frame of the *WHI5* gene amplified from genomic DNA of W303A *S. cerevisiae* strain with the oligonucleotides Whi.NdeI (TAAATCATATGAGTTTGAGAACGCCG) and Whi.XhoI (TAAATCTCGAGAGACGTCTCCACTTCGG), was cloned into the His6-tag expression vector pET21a using *Nde*I and *Xho*I restriction sites. The resulting vector, pET21\[Whi5\], contains the open reading frame for Whi5^Sc^ C-terminally linked to an His6-tag by a three-amino acid linker, as confirmed by nucleotide sequencing. The vector was inserted into *Escherichia coli* BL21 Rosetta cells (Novagen); transformed cells were cultured in 1 L low-salt Luria--Bertani broth containing 100 mg/L ampicillin and 34 mg/L chloramphenicol at 37°C until OD~600~ \~0.5 was reached. Cells were induced for 2 h by 200 mM IPTG at 30°C, harvested by centrifugation and resuspended in 1/200 volume of lysis buffer (50 mM Na~2~HPO~4~, pH 8.0, 300 mM NaCl) containing 10 mM imidazole and protease inhibitors cocktail (Sigma Aldrich, St. Louis, MO, USA). Cells were then either directly extracted or stored at −20°C. Protein extraction and IMAC purification on Ni^2+^/NTA beads were carried out as already described (Brocca et al., [@B10]). Recombinant Whi5^Sc^ was eluted in lysis buffer containing 250 mM imidazole.

Biochemical assays
------------------

SDS-PAGE analyses were carried out on 12% acrylamide Laemmli gels (Laemmli, [@B75]) stained with GelCode Blue (Pierce Illinois, IL, USA) after electrophoresis. Broad-range, pre-stained molecular-weight markers (New England Biolabs) were used as standards. Western blots with anti-His~6~ antibodies (Sigma Aldrich, St. Louis, MO, USA) were carried out according to the procedure described in (Brocca et al., [@B10]). For protease sensitivity assay, a stock solution of trypsin was prepared by dissolving the enzyme powder (Promega Corporation, Madison, WI) in 1 mM HCl at a final concentration of 1 mg/mL and stored at −80°C. Reactions were carried out at room temperature in 50 mM ammonium acetate, pH 6.5, 100 mM NaCl, in a weight ratio substrate: trypsin of 2000:1. Aliquots were removed at different times within 1 hour, and the reaction was stopped by the addition of SDS-PAGE loading buffer and immediate boiling for 3 min.

Analytical gel filtration
-------------------------

The hydrodynamic behavior of the recombinant purified protein has been investigated by gel-filtration chromatography carried out in the same conditions and with the same equipment described in Brocca et al. ([@B10]).

Synthetic peptides and surface plasmon resonance assays
-------------------------------------------------------

Peptides corresponding to Whi5^Sc^ motif 1 (*motif 1*, residues 136--162), phosphorylated motif 1 (*phospho-motif 1*, same sequence of motif 1, with phosphorylation at positions 143, 154, 156, and 161), and motif 3 (*motif 3*, residues 245--267) were chemically synthesized (Primm, Milano, Italy) and used in Surface Plasmon Resonance (SPR) experiments (Malmqvist, [@B86]; Rich and Myszka, [@B106]), carried out with a BIAcore X system (GE Healthcare). A carboxymethylated dextran matrix pre-immobilized with streptavidin (Sensor Chip SA, BIAcore, GE Healthcare) was used for immobilization of biotinylated *motif 3*. A surface density of \~1000 resonance units was generated. Reference cell was saturated with biotin. Two different immobilized chips were assayed to verify the reproducibly of the binding assays. Analytes of binding assays were *phospho-motif 1* and *motif 1*, in a range of concentrations spanning from 20 to 340 μM. All experiments were performed in HBS-EP buffer (BIAcore, GE Healthcare) maintaining a flow rate of 5 μl/min. At least four concentrations of each analyte were tested twice. Surface regeneration was accomplished by injecting 100 mM NaCl (30 sec contact) two or three times. Thermodynamic parameters of the interactions, such as K~D~, were derived by simultaneous fitting of binding curves obtained with different concentrations of analyte, using BIAevaluation 4.1 software.

Bioinformatic analyses of Whi5 and Rb
-------------------------------------

All the bioinformatic tools used are readily accessible through the relevant websites, and listed in Table [S1](#SM3){ref-type="supplementary-material"}; for each predictor/tool, the default settings were used, unless otherwise stated.

The secondary structure of Whi5^Sc^ was analyzed by the algorithms PSIPRED, JNET, and TRANSSEC from the server Proteus 2.0. The relative disorder was analyzed by the Composition Profiler (Vacic et al., [@B138]). The fractional difference in amino acid composition was calculated for Whi5^Sc^ and for a set of IDPs (Disprot 3.4) from the DisProt database (Sickmeier et al., [@B117]) relative to a reference set of ordered, globular proteins (Swissprot 51). The fractional difference is calculated as (C~X~-C~order~)/C~order~, where C~X~ is the content in a given amino acid of Whi5^Sc^ (or of the set of IDPs) and C~order~ is the corresponding value in the set of ordered proteins. Negative fractional difference indicates depletion, while positive difference indicates enrichment in the corresponding amino acid. Amino acids are arranged on the *x* axis from the most rigid to the most flexible according to the Vihinen\'s flexibility scale (Vihinen, [@B140]). In the charge-hydropathy (CH) plot, also called Uversky\'s plot, natively unfolded proteins are specifically localized within a specific region of CH space, and separated from structured ones by a linear boundary (Uversky et al., [@B136]). The solid line representing the border between intrinsically unstructured and native proteins has the equation: 〈q〉 = 2.785〈H〉−1.151, where 〈H〉 is the mean hydrophobicity and 〈q〉 the mean net charge. The position of Whi5^Sc^ in a CH plot was obtained using its amino acid sequence as a query and running the prediction from the server Predictor of Naturally Disordered Regions (PONDR). We predicted the structural disorder of Whi5 and Rb with different neural networks. PONDR-FIT is a meta-predictor that integrates outputs of six different disorder predictors (Xue et al., [@B150]) and is available from the platform of DisProt. From the same platform we did access to the VSL2B predictor (Obradovic et al., [@B98]; Peng et al., [@B103]). VSL2 combines two predictors optimized for the recognition of short and long disordered regions and can be considered one of most advanced predictors based on the concept that short disordered regions are context-dependent, while long disordered regions are entirely defined by their own amino acid composition (Obradovic et al., [@B98]; Peng et al., [@B103]). Similarly to VSL2, PONDR® VL3-BA was used to accurately predict long disordered regions.

The PONDR® VL-XT was applied to predict regions locally ordered, containing short motifs that serve as binding site and hence useful to identify short sequences prone to acquire a structure or Molecular Recognition Features (MoRFs) within long disordered regions (Oldfield et al., [@B99]; Cheng et al., [@B21]). These regions are usually coincident with deep downward spikes of the plot.

The prediction of regions that are disordered in isolation but can undergo disorder-to-order transition upon binding was also carried out with ANCHOR (Dosztanyi et al., [@B36]; Meszaros et al., [@B90]). ANCHOR prediction relies on the pairwise energy estimation that is the basis for IUPred, a general disorder prediction method. The server incorporates the result of IUPred and can carry out simple motif searches.

The disorder plots show a per-residue output where regions that exceed 0.5 on the *Y*-axis are considered disordered, as values higher than 0.5 have been assigned to disordered regions during the training of the neural networks (<http://pondr.com/pondr-tut2.html>).

Evolutionary distances were calculated with Molecular Evolutionary Genetics Analysis (MEGA) (Kumar et al., [@B72]; Tamura et al., [@B128]), a suite of algorithms designed for the phylogenetic and molecular evolutionary analysis of DNA and protein sequences. The procedure used to compare the evolution rate of ordered vs. disordered regions within the same protein is similar to that described by (Brown et al., [@B12]). We proceed as follows: for a given disordered (or ordered) region as predicted by PONDR-FIT, corresponding sequences from different homologs were aligned by ClustalW2 and the resulting files used to calculate the overall mean evolutionary distance by application of MEGA 5.1, according to three models of amino acids substitutions: the *p*-distance (Nei and Kumar, [@B95]), the Dayhoff (Schwarz and Dayhoff, [@B112]), and the Jones-Taylor-Thornton (JTT) (Jones et al., [@B63]) models. We considered these distances as a measure of the diversity reached by each sequence set along a given evolutionary path. Since the calculation of mean evolutionary distance can be affected by the accuracy of disordered regions identification, the same procedure was repeated predicting the disordered regions with PONDR® VL3-BA. We found the same overall trend and distance scores were not noticeably different.

Phylogenetic trees calculated with MEGA5.1 (Kumar et al., [@B72]; Tamura et al., [@B128]) were inferred with the method of maximum likehood applied to ClustalW2 alignments of both full-length and conserved domains of Whi5 and pRb homologs. The evolutionary model was based on the JTT amino acid substitution matrix with uniform rates.

Isoelectric points were calculated by ProtParam (Wilkins et al., [@B143]). The average values of grand average of hydropathy (GRAVY), defined by the sum of hydropathy values of all amino acids divided by the protein length were computed by ProtParam on the ExPASy Server (Gasteiger et al., [@B47]) for sequences of full-length Whi5 homologs and of their motifs 1--3. Putative homologs of Whi5^Sc^ were retrieved by Pfam (Sonnhammer et al., [@B121]; Finn et al., [@B45]) and BLASTP (Altschul et al., [@B3]) searches.

The algorithm MEME (Bailey and Elkan, [@B4]) from the MEME suite (Bailey et al., [@B5]) was applied to analyze protein sequences for similarities and to produce also a visual description of discovered motifs. The three motifs searched by MEME using the 15 Whi5 homologs as a query were manually refined. Referring to the amino acid numbering of Whi5^Sc^, motif 1 spans from amino acid 136 to 162, motif 2 from amino acid 173 to 209, and motif 3 from amino acid 245 to 267 (motif sequences and motif logos shown in Figure [2](#F2){ref-type="fig"} and Figure [S2](#SM2){ref-type="supplementary-material"} refer to the refined motifs).

The prediction of phosphorylation sites of Whi5, Rb and their homologs was carried out by the program GPS 2.1 (Group-based Prediction System, version 2.1). More in detail, for human Rb, the predicted Cdk-phosphorylation pattern most similar to the experimental one was obtained combining the prediction for Cdk2, Cdk4, and Cdk6 at high threshold. Hence, the same setting was used for all Rb-related proteins. The prediction of Whi5^Sc^ phosphorylation sites for generic Cdks was done with the program PPSP (Prediction of PK-specific Phosphorylation site) (Xue et al., [@B151]), with default settings. This tool recognizes all Cdk sites considered in previous works (de Bruin et al., [@B32]; Wagner et al., [@B141]). Then, a relative score of probability to be phosphorylated was assigned to each site by applying GPS 2.1, setting a medium threshold for the recognition of a generic Cdk. With the same procedure we predicted the Cdk phosphorylation of Whi5 homologs. The phosphorylation of Whi5^Sc^ with other non-Cdks was predicted with GPS2.1 at high threshold.

Extended models of Whi5^Sc^ motif 1 and motif 3
-----------------------------------------------

Extended models of the Whi5^Sc^ motif 1 (residues 136--162) and of motif 3 (residues 245--267) peptides were obtained by the *generated_extended.inp* module of the *crystallography & NMR system* (CNS) software (Brunger, [@B13]), avoiding unrealistic tertiary contacts. The model of phosphorylated form of motif 1 was generated adding the phosphate groups by the NAMD program, using CHARMM22 forcefield (MacKerell et al., [@B85]).

Electrostatic surface potentials were calculated by numerical solution of the Poisson-Boltzmann equation implemented in APBS (Holst and Saied, [@B58]; Baker et al., [@B6]) using default values. The charges for each residue atoms were assigned by the PDB2PQR server (Dolinsky et al., [@B34]), using the CHARMM forcefield. The electrostatic potential maps were displayed in PyMOL (DeLano, [@B33]) on the solvent accessible surface of the models. The surface of the negatively charged residues is colored blue and that of the positively charged residues red, with the intensity of the color proportional to the local potential (range +10 kTe^−1^ to −10 kTe^−1^).

Construction of interaction maps
--------------------------------

All genetic and physical protein interaction datasets described in this work were primarily downloaded from the BioGRID database v3.2, which provides interaction data for several model organisms and one of the most comprehensive dataset of yeast protein-protein interactions (Stark et al., [@B122]). The web interface iRefWeb (Turner et al., [@B131]) that interrogates major public databases---including BIND, BioGRID, CORUM, DIP, IntAct, HPRD, MINT, MPact, MPPI, and OPHID---was also used. Final interaction maps were constructed by integrating web databases with manually searched literature data. Interaction datasets were provided as input data for Cytoscape 2.8, which is a tool for visualizing and integrating complex networks (Smoot et al., [@B120]). In all maps, interactors were grouped according to functions (Costanzo et al., [@B26]) and accordingly color-coded.

GO enrichment analysis
----------------------

The Gene Ontology (GO) database (Harris et al., [@B52]) allocates biological descriptors (or GO terms) to genes, on the basis of the properties of their encoded products. GO terms can be of three types: cellular component, biological process, and molecular function. GoBean, a comprehensive and flexible GUI tool for GO term enrichment analysis, was used to ascertain GO term enrichments (Lee et al., [@B80]). Non-redundant, significantly enriched GO terms were used by Revigo (Supek et al., [@B123]) to generate treemaps in which related terms are joined into loosely related "superclusters", visualized with different colors. Size of the rectangles was adjusted to reflect the *p*-value.

Design of concept map for Whi5 function
---------------------------------------

A concept map for Whi5 function was designed to include first-, second- and third-level interactors. Connection of interactors to known biological pathways was manually done through data mining of available literature and web yeast-specific databases, notably SGD.

Results and discussion
======================

Analysis of disorder and phosphorylation sites of Whi5 proteins
---------------------------------------------------------------

### Whi5 is a disordered protein

Whi5^Sc^ shares no sequence homology with Rb (Cooper, [@B25]) and no structural information is yet available for any of the members of Whi5 protein family recorded by Pfam. The only shared sequence identified by Pfam is the so called "Whi5 domain", encompassing residues 181 to 205 in Whi5^Sc^. This region, also called "GTB motif" for G1/S transcription factor binding, binds to the C-terminus of Swi6 and is required for the transcriptional repression exerted by Whi5 (Travesa et al., [@B130]).

Different secondary structure prediction tools indicate that Whi5^Sc^ is scarcely prone to form secondary structures, with α-helices accounting for 30% of amino acid sequence, whereas the remaining 70% has a random-coil conformation (Figure [1A](#F1){ref-type="fig"}). Interestingly, the Whi5 domain (blue box in Figure [1A](#F1){ref-type="fig"}) appears to span an α-helical region.

![**Compositional and sequence analysis of Whi5^Sc^. (A)** Secondary structure prediction for Whi5^Sc^. A simplified output of Proteus 2.0 shows only secondary structure elements predicted with confidence ≥5, in the range 0--9. The blue box corresponds to the Pfam "Whi5 domain" signature. **(B)** Composition profiling of Whi5^Sc^. The plot is the output of Composition Profiler tool and shows the fractional difference in amino acid composition of Whi5^Sc^ (gray bars) and of a set of intrinsically disordered proteins (light blue bars) relative to a reference set of ordered, globular proteins. The fractional difference is calculated as (C~X~-C~order~)/C~order~, where C~X~ is the content in a given amino acid of Whi5^Sc^ (or of the set of intrinsically disordered proteins) and C~order~ is the corresponding value in the set of ordered proteins. Negative fractional difference indicates depletion, while positive difference indicates enrichment, in the corresponding amino acid. Amino acids are arranged on the *x* axis from the most rigid to the most flexible according to the Vihinen\'s flexibility scale (Vihinen, [@B140]). The error bars correspond to the confidence intervals evaluated by the 10,000 bootstrap iterations in the definition of the reference protein sets. **(C)** Charge-hydropathy plot of Whi5^Sc^ (green diamond). The plot is an empirical graph representing data of net charge and mean hydrophobicity for a set of globular proteins (blue square) and a set of disordered proteins (red circle). The two groups are separated by a straight line \<charge\> = 2.743 \<hydropathy\> −1.109 (Oldfield et al., [@B99]). **(D)** Cumulative plot of disorder prediction. **(E)** SDS-PAGE analysis of proteolysis kinetics on recombinant, IMAC-purified Whi5^Sc^ and SlyD, a copurified *E. coli* globular protein serving as a control. Trypsin and its substrates were mixed in a weight ratio of 1:2000 and the digestion products withdrawn to be assayed at different time points (1--60 min). Recombinant Whi5^Sc^ was markedly degraded after 20-min incubation, while SlyD is resistant to proteolysis even after 60-min incubation **(F)** Analytical size-exclusion chromatogram of recombinant Whi5^Sc^. Calibration curve was obtained with the following globular proteins: BSA (66 kDa), ovalbumin (43 kDa), chimotrypsin (23 kDa), myoglobin (17 kDa), and cytochrome C (13.6 kDa).](fphys-04-00315-g0001){#F1}

These results prompted us to investigate Whi5 structure by bioinformatics tools devoted to structural disorder analysis. The composition profile of Whi5^Sc^ is depleted of amino acids that promote order (i.e., Cys, Trp, Phe, Tyr, Val, and Ile) and rich of residues associated with disorder (i.e., Gln, Ser, Pro, Glu), (Figure [1B](#F1){ref-type="fig"}). Apart from Pro, the main disorder-promoting amino acid, it is remarkable the very high content of Thr and Arg. Consistently, the Uversky\'s plot---an empirical graph where the mean average hydrophobicity is plotted against the mean net charge---classifies Whi5^Sc^ among disordered proteins (Figure [1C](#F1){ref-type="fig"}).

The meta-predictors PONDR-FIT, VSL2B, PONDR® VX-LT, and PONDR® VL3-BA, which perform a per-residue prediction of disorder, indicate an extensive region of naturally disordered structure along the whole sequence, with a single ordered region (i.e., scores below 0.5), that is nearly coincident with the Whi5 domain recognized by Pfam (Figure [1D)](#F1){ref-type="fig"}.

Consistently with Whi5^Sc^ being an IDP, the recombinant protein, fused to a C-terminal poly-histidine tag and expressed in---and purified from---*E. coli* cells, shows oversensitivity to trypsin (Figure [1E](#F1){ref-type="fig"}), a clue witnessing the large extent of its structural accessibility to the proteolytic enzyme. Whi5^Sc^ remained fully soluble after 20-min incubation at 80°C or 10-min incubation at 99°C, thus showing another typical trait of IDPs. Purified Whi5^Sc^ also shows reduced electrophoretic mobility, with an apparent molecular mass of \~43k Da instead of the theoretical 34.02 kDa (Figure [1E](#F1){ref-type="fig"}). The identity of purified protein detected on Coomassie-stained gels was also confirmed by anti-His~6~ antibodies in experiments of Western blot (data not shown). The anomalous migration of Whi5^Sc^ on SDS-PAGE could result, as typically observed for IDPs, from amino acid composition and in particular from its lower content in hydrophobic residues and higher content of charged residues (Uversky et al., [@B136]; Romero et al., [@B108]; Tompa, [@B129]; Receveur-Brechot et al., [@B105]). In analytical gel-filtration experiments, the expected logarithmic relationship between mass and elution time was observed for the standards, but not for Whi5^Sc^ that elutes as a single symmetric peak before any other standard proteins and close to the exclusion limit of the column. The retention time in gel filtration chromatography results in an apparent molecular weight of \~75 kDa (Figure [1F](#F1){ref-type="fig"}), much higher than the molecular weight calculated for the His6-tagged Whi5^Sc^ (34.02 kDa). The dependence of hydrodynamic radius log from molecular weight log, for different protein conformations (i.e., native proteins, molten globule, pre-molten globule, and chemically unfolded proteins) can be described by different, empirical equations of straight lines (Uversky\'s formulas) (Uversky, [@B132]). When the Uversky\'s formula for native globular proteins is applied to Whi5^Sc^ molecular weight estimated upon gel filtration, it returns a hydrodynamic radius (\~35 Å) noticeably larger than that calculated with Whi5^Sc^ theoretical weight (\~26 Å). It has been observed that a 15--20% increase of hydrodynamic radius is associated to the transition between native and molten globule state, and an even higher increase indicates a pre-molten globule (Uversky, [@B133]). In the case of Whi5^Sc^, an increase of \~33% indicates a pre-molten globule conformation.

### Whi5 is a fungal-specific protein: identification and properties of three motifs within saccharomycetales Whi5 homologs

Although the 93 members of the Whi5-like family retrieved by Pfam (December 2012) are all from *Eukarya*, and mostly (86) belong to the *Ascomycota* fungi, their sequences result widely heterogeneous. A BLASTP search launched with Whi5^Sc^ against a non-redundant protein data bank retrieved putative homologs uniquely in the order of *Saccharomycetales*. Fifteen sequences (hereafter called "Whi5 homologs") were obtained filtering for a maximum e-value of 0.0001, and a minimum match length of 23% with respect to the length of the query sequence (Table [S2](#SM3){ref-type="supplementary-material"}).

PONDR-FIT predicts that the Whi5 homologs are almost completely disordered, the only exception being the region corresponding to the GTB motif (Figure [S1](#SM2){ref-type="supplementary-material"}). Figure [2A](#F2){ref-type="fig"} shows the VSL2B plots of the Whi5 homologs superimposed by aligning the main downward spike. Despite low overall similarity of protein length and sequence, the profiles show remarkable similarity, consistently with the notion that evolutionary conservation of structural disorder is not accompanied by conservation in sequence (Brown et al., [@B12]; Daughdrill et al., [@B31]; Brown et al., [@B11]).

![**Conservation of structural disorder among Whi5 homologs in Fungi. (A)** The plots represent the prediction of structural disorder by VSL2B for Whi5 homologs from the same yeast species listed in the panel **B**, in the same color code; the plots were superimposed by aligning the deepest downward spike. This conserved sequence corresponds to the brown box (motif 2) in the panel **B**. **(B)** Pattern of conserved motifs found by the MEME algorithm (search for 3 motifs) in Whi5 homologs from different yeast species. Boxes represent the amino acid sequences of manually refined motifs (see panel **C**). The positions of Cdk1-phosphorylatable residues are indicated by triangles, empty for experimentally determined (Whi5^Sc^), black for computationally predicted ones (see text). **(C)** Amino acid sequences of conserved motifs. For each motif, sequences are listed according to the ClustalW2 alignment order. Identical residues are marked with an asterisk, conserved residues with a dot, and conserved similar residues with double dots. Red triangles indicate the position of experimentally confirmed Cdk-phosphorylatable sites in Whi5^Sc^. The sequences found for each motif by the MEME algorithm are boxed. The manually refined motifs are in shaded cages. In Whi5^Sc^, motif 1 (fuchsia box in panel **B**) spans from amino acid 136 to 162, motif 2 from amino acid 173 to 209 (brown box in panel **B**), and motif 3 (orange box in panel **B**) from amino acid 245 to 267.](fphys-04-00315-g0002){#F2}

Applying the alignment software MEME to the fifteen Whi5 yeast homologs and searching for the three most conserved domains, we found that the GTB motif, referred from now on as "motif 2," is flanked by two motifs (motif 1 and motif 3) that fall in disordered regions. Motifs 1--3 were manually refined and their positions within the sequence of the Whi5 homologs are shown in Figure [2B](#F2){ref-type="fig"}, where motifs 2 of all proteins are aligned. Only the Whi5 homolog from *W. ciferrii*, the only species not belonging to the family of *Saccharomycetaceae*, does not contain motif 1. The sequences of the three conserved motifs are shown in Figure [2C](#F2){ref-type="fig"}.

In motifs 1--3 we observed a relatively high frequency of prolines, as well as of aromatic and hydrophobic residues (F, I, L, V) (Figure [S2](#SM2){ref-type="supplementary-material"}), as witnessed by the values of the GRAVY (Table [S3](#SM3){ref-type="supplementary-material"}).

Also charged amino acids are non-randomly distributed along the sequences of Whi5 homologs. With few exceptions, motifs 1 are remarkably more basic (average local pI = 10.23 ± 1.38) than the entire protein (pI ranging from 6.28 to 9.56), while motifs 3 are acidic (average local pI = 5.26 ± 1.23) (Table [S4](#SM3){ref-type="supplementary-material"}).

### Conserved motifs 1 and 3 may act as phosphorylation-dependent seeds in Whi5 folding/unfolding

Figure [2B](#F2){ref-type="fig"} shows the distribution of predicted Cdk1 sites in Whi5 homologs. In case of Whi5^Sc^, all the putative Cdk1 sites were found experimentally phosphorylated (de Bruin et al., [@B32]; Wagner et al., [@B141]). Mutational analysis has indicated that four sites (Ser154, Ser156, Ser161, and Ser262 referred to as sites 8, 9, 10, and 12 in Wagner et al., [@B141]) are critical for Whi5^Sc^ inactivation and for the regulation of cell size when 4 Cdk phospho-acceptor sites in Swi6 are concurrently mutated to alanine (Wagner et al., [@B141]). We found that the four most functionally relevant Cdk1-phosphorylation sites of Whi5^Sc^ (8--10, 12) cluster in motifs 1 and 3. More in detail, we observed that motif 1 contains the Cdk1 phosphosites 8--10 and also the site 7 (Thr143, Whi5^Sc^ numbering). Motif 3, with the only exception of the homolog from *K. naganishii* contains the single phosphosite 12 (Ser262 in Whi5^Sc^). Motif 2 does not contain any phosphorylatable residue in all analyzed sequences. The 11th Cdk1 phosphosite of Whi5^Sc^ (T215) is included in an "inter-motif" sequence between motifs 2 and 3, whose length and number of phosphorylatable sites is variable (e.g., from 1 in *S. cerevisiae*, to 7 in *T. blattae* or *K. naganishii*) (Figure [S3](#SM2){ref-type="supplementary-material"}).

To provide a first insight on the putative effects induced by phosphorylation of motif 1, we derived three extended models for the Whi5^Sc^ wild-type motif 1, its phospho-variant and wild-type motif 3, and we calculated for each of them the electrostatic potential surface (Figure [3A](#F3){ref-type="fig"}). The surface of motif 1 is mainly positively charged, with few negatively charged hotspots (Figure [3A](#F3){ref-type="fig"}), in agreement with a higher percentage of positively charged residues along the whole motif 1 sequence (Figure [3B](#F3){ref-type="fig"}). Motif 3, on the contrary, even if it is characterized by a similar percentage of negatively and positively charged residues, features a predominantly negatively charged electrostatic potential surface, with few positively charged hotspots. The two peptides seem therefore to have complementary surfaces that suggest a potential interaction (Figures [3A,B](#F3){ref-type="fig"}). The model of fully-phosphorylated motif 1 shows an altered distribution of charges, mainly at its C-terminal region (Figure [3A](#F3){ref-type="fig"}) that may hamper interaction between motifs 1 and 3.

![**Phosphorylation hampers *in-vitro* interaction between peptides representing motifs 1 and 3 of Whi5^Sc^. (A)** Amino acid sequence and electrostatic potential surface of Whi5^Sc^-derived peptides representing conserved motifs and assayed in SPR experiments: *motif 1* (136--162), *phospho-motif 1* (136--162), and *motif 3* (245--267). *Phospho-motif 1* peptide differs from *motif 1* only for the presence of specific phosphorylated residues of tyrosine and serine indicated as pT and pS. The electrostatic potential maps are projected on the solvent accessible surface of the peptides. The molecular surface of the negatively and positively charged residues is colored in red and blue, respectively, with the intensity of the color proportional to the local potential (range −10 kTe^−1^ to +10 kTe^−1^). **(B)** Content of charged residues of each peptide, displayed as percentage of residues over the total sequence length. **(C)** Maximal Resonance Units (RU Max) derived from SPR experiments performed using motif 3-immobilized sensor chip and different concentrations of *phospho-motif 1* and *motif 1* peptides. **(D)** Model of regulation of G1/S transcription by multisite phosphorylation on Whi5 and Swi6.](fphys-04-00315-g0003){#F3}

To test the hypothesis that motif 1 and 3 interaction is phosphorylation-dependent, the corresponding synthetic peptides, *motif 1*, *phospho-motif 1*, and *motif 3*, were tested in a SPR assay. The biotinylated peptide of *motif 3* was bound to a streptavidin chip and different concentrations of the *motif 1* peptide injected. *Motif 1* showed reproducible and dose-dependent binding to the *motif 3* peptide (Figure [3C](#F3){ref-type="fig"}, squares). Binding was almost fully destroyed by phosphorylation of *motif 1* (Figure [3C](#F3){ref-type="fig"}, triangles). Thus, in the cell nucleus multiple phosphorylation of Whi5 by Cdk1-Cln could severely reduce the charge complementarity between motifs 1 and 3, thereby impairing their interaction (Figure [3D](#F3){ref-type="fig"}), and ultimately resulting in functional misfolding (Uversky, [@B134]), a highly frequent phenomenon among IDPs with the most extended conformation (native coils and native pre-molten globules).

Analysis of disorder and phosphorylation sites of Rb proteins
-------------------------------------------------------------

### Domain organization, disorder distribution, and phosphorylation pattern of pRb proteins

Human Rb is a 928-amino acid, mainly globular protein whose 3D structure has been extensively studied. It consists of three major domains (Figure [4A](#F4){ref-type="fig"}): an N-terminal domain (residues 52--355, RbN), a pocket domain (residues 380--787), and a C-terminal domain (residues 787--928, RbC) (Rubin et al., [@B109]). Although most of the Rb structure has been determined (PDB accession numbers in Table [S5](#SM3){ref-type="supplementary-material"}), there are regions that escaped X-ray diffractometry analysis and that are possibly structurally disordered. For instance, the structure of only a tiny portion of the RbC domain has been reported.

![**Structural organization of human Rb along the evolution of multicellular Eukarya. (A)** The domain organization of human Rb and a scheme summarizing the structurally determined regions, as obtained by a literature survey. Gray shadow indicates experimentally determined coiled coil regions, pink shadow indicates unsolved 3D structures. **(B)** The profile of structural disorder predicted by PONDR-FIT. **(C)** Conserved motifs found by a MEME search for ten motifs along the amino acid sequences of homologs. Triangles indicate the position of Cdk-phosphorylatable residues. Empty triangles refer to experimentally determined sites.](fphys-04-00315-g0004){#F4}

To describe the extent of structural disorder in Rb, we collected literature data on experimentally determined structure and phosphorylation sites, and combined this information with prediction of structural disorder done with PONDR-FIT, PONDR® VL3-BA, and PONDR® VX-LT. We obtained coherent results and for the sake of clarity, Figure [4B](#F4){ref-type="fig"} shows only the PONDR-FIT plot combined with a map describing experimentally determined structures. We found a good correspondence between regions predicted as disordered and structurally undetermined regions or experimentally determined as coiled coil. Overall, the longest disordered regions are at the N-terminus (residues 1--56), inside the RbN domain (residues 251--270), between RbN and the pocket domain (residues 348--398), within the bipartite pocket domain (residues 605--643), and in the RbC domain (809--825 and 858--928).

The correlation between the map of structural disorder and that of phosphorylatable residues is, as expected (Iakoucheva et al., [@B61]), very good, with the only exception of N-terminal disordered region that does not contain any phosphorylatable residue. The C-terminal disordered region contains the most numerous set of phosphorylatable residues (i.e., S780, S788, S795, S807, S811, T821, and T826), whose physiological relevance has been only in some cases experimentally proved (i.e., S807, S811, T821, and T826). Amino acid sequences of Rb proteins are highly conserved among vertebrates and traces of the evolutionary origin of regions A and B of pocket domain have been found in Archaea and poxviruses (Takemura, [@B127]). To evaluate the evolutionary conservation of disordered regions, we compared human Rb to ortholog proteins from vertebrates *Mus musculus, Gallus gallus, Xenopus laevis, Danio rerio* that are highly conserved, and to orthologs from *Drosophila melanogaster, Arabidopsis thaliana, Pisum sativum*, and *Caenorabditis elegans* that are much less conserved (Takemura, [@B127]). Proteins and species are listed in Table [S6](#SM3){ref-type="supplementary-material"}.

Upon MEME alignment, the most conserved motif maps into the pocket domain B, while the conservation of overall protein architecture is reflected by the similarity of motif patterns among evolutionary very distant organisms. Conserved motifs occur in structured regions, whereas most of the phosphorylatable sites cluster in disordered regions and originate a phosphorylation pattern conserved especially among vertebrates (Figure [4C](#F4){ref-type="fig"}). Since the information on structures and experimental phosphorylation are not homogenously available for all the considered Rb proteins, phosphorylatable residues were predicted by GPS2.1.

Within the 9 Rb hortolog sequences, we considered four main ordered and four main disordered regions classified according to PONDR-FIT, and we computed with MEGA5.1 the overall mean evolutionary distance (Table [S7B](#SM3){ref-type="supplementary-material"}). While such a not-canonical approach is inappropriate to establish evolutionary relationship, it is useful to study the correlation between ordered and disordered regions belonging to the same protein. As expected, the sequences of disordered sets were less conserved than ordered ones.

Among disordered sets, the first (N-terminus, amino acid from 1--56 in human Rb) is the least conserved and has no Cdk-phosphorylatable sites, while the third and the fourth blocks (roughly corresponding to RbPL linker and to the C-terminus) are the most conserved and most phosphorylated (i.e., seven sites in the C-terminus of human Rb). This was even more evident when we restricted our analysis to the Rb proteins from five vertebrates (*H. sapiens*, *M. musculus*, *G. gallus*, *X. laevis*, *D. rerio*). Cdk-phosphorylatable residues, analyzed by GPS2.1, gave a very similar probability score inside each sequence and among different proteins of our data set (Table [S8](#SM3){ref-type="supplementary-material"}). The relatively high number of equivalently phosphorylatable residues in a defined disordered region seems reminiscent of Sic1 phosphorylation-dependent degradation signals: accordingly, these sites might be involved in a recognition mechanism based on polyelectrostatic effects.

### Disordered regions are expanded among paralogs of Rb

The evolutionary persistence of disorder in the orthologs of Rb is in keeping with the concept that disordered regions evolve as ordered ones in a structure- and function-driven manner (Brown et al., [@B11]). We extended our study to the Rb-like proteins family, including paralogs of Rb. Alignment analysis indicated that Rb shares 32% and 31% homology with p107 and p130 respectively, while p107 and p130 share 53% between them (Mulligan and Jacks, [@B94]).

The most structurally conserved region among the three proteins is the pocket domain, as reflected by sequence similarity and analogous interactions with viral proteins containing the LXCXE motif (Hannon et al., [@B51]; Li et al., [@B81]; Mulligan and Jacks, [@B94]; Cobrinik, [@B24]).

Figure [5](#F5){ref-type="fig"} compares the structural organization of human Rb, p107 and p130 from literature data (Wirt and Sage, [@B144]), with the prediction of structural disorder obtained with PONDR-FIT, the conserved motifs searched by MEME and the experimentally determined phosphorylation sites (Xiao et al., [@B148]; Burke et al., [@B14]). Our analysis shows that human paralogs share an overall common pathway of sequence motifs, and that the overall lengthening of p107 (1068 amino acids) and p130 (1139 amino acids) in comparison to Rb (908 amino acids) can be mainly ascribed to the expansion of the disordered RbPL linker within the bipartite pocket domain. The comparison of Rb with its paralogs highlights that p107 and p130 don\'t contain additional domains and that p130 structural disorder increases at the C-terminal moiety, where phosphorylation sites are clustered.

![**Structural organization of human Rb-like proteins. (A--C)** PONDR-FIT disorder prediction combined with functional domain organization for paralogs Rb **(A)**, p107 **(B)**, and p130 **(C)**. **(D)** The pattern of 10 conserved sequence motifs searched by MEME in human Rb and its paralogs p107 and p130 with experimentally determined Cdk-phosphorylation sites.](fphys-04-00315-g0005){#F5}

To go insight the evolutionary diversification of these proteins we analyzed the most conserved, ordered region of pocket B domain. We have undertaken a phylogenetic approach similarly to that applied by Xue and coworkers to the proteins of p53 family (Xue et al., [@B149]). We considered as a unique dataset a group of eighteen evolutionary representative sequences retrieved by BLASTP searches with human Rb, p107, and p130 (see Table [S6](#SM3){ref-type="supplementary-material"}) and searched with MEME for the most conserved motif. We confirmed that also in this enlarged data set the most conserved region is included in the pocket domain B and corresponds for each protein to the region most similar to the sequence from residue 673 to residue 732 of human Rb. The alignment file was used to infer a phylogenetic tree of Rb family that was compared with that obtained from the full-length proteins (Figure [S7B](#SM2){ref-type="supplementary-material"}). Both phylogenetic trees place Rb orthologs on a separate branch with respect to p107 and p130 that appear closely related. In the hypothesis that the evolution of Rb orthologs has preceded that of p107 and p130, it is conceivable that the extension of disordered regions has occurred secondarily in the Rb ancestor, contributing to the evolution of its paralogs (p107 and p130). This picture is similar to that emerging from an accurate study of p53 evolution performed on the basis of amino acids substitution frequency (Xue et al., [@B149]).

Evolutionary and functional considerations on phosphosite distribution and modular organization
-----------------------------------------------------------------------------------------------

In Whi5^Sc^, among eighteen experimentally confirmed phosphorylation sites (Wagner et al., [@B141]), twelve are putative Cdk phospho-acceptor sites. In the N-terminus, or in the intervening region between motifs 2 and 3, the position and the number of phosphorylation sites are highly variable. This finding is in agreement with a previous analysis of Cdk1-substrates throughout the ascomycete lineage, indicating that in disordered proteins, even when phosphorylation is conserved, clusters of sites often shift their positions (Holt et al., [@B59]). Based on coherent predictions of ANCHOR and PONDR® VX-LT (Figure [S5](#SM2){ref-type="supplementary-material"}), N-terminal regions centered at positions 50 and 90 of Whi5^Sc^ might contain binding regions. We hypothesize that such disordered modules with "fluctuating" phosphosites can accomplish a binding function by polyelectrostatic effects. This mechanism has been already described for the N-terminal region of Sic1, and occurs when multiple charges influence binding affinity through long-range electrostatic interactions, typically involving phosphate-binding domains (Klein et al., [@B70]; Borg et al., [@B9]; Serber and Ferrell, [@B114]; Mittag et al., [@B93], [@B92]).

In the C-terminal moiety of Whi5 we found the most conserved sequence (motifs 1--3, see calculations of overall mean evolutionary distances, Table [S7A](#SM3){ref-type="supplementary-material"}) and phosphorylation sites (7--10, 12). We calculated with GPS2.1 the propensity of conserved Cdk1 sites to be phosphorylated, and we used the probability scores to infer the phosphorylation timing, with the higher scores designating the sites earlier phosphorylated (Table [S8](#SM3){ref-type="supplementary-material"}). This analysis suggests that sites 7 and 12 are phosphorylated earlier than sites 8--10, thus generating a specific "phosphorylation rhythm", strongly conserved in all Whi5 homologs and likely representing a mechanism of hierarchical phosphorylation. Figure [S3](#SM2){ref-type="supplementary-material"} reports the probability score for the C-terminal phosphorylation sites combined with a phylogenetic tree of Whi5 homologs based on conserved motif 2. We hypothesize that the conserved sets of Cdk1 phosphorylation sites, possibly due to the kind and extent of connectivity they mediate (Manna et al., [@B87]), impose constrains that slowed down the local rate of sequence evolution. In summary, different modules of Whi5 seem to follow different evolutionary dynamics and to obey a different mechanism of interaction, with variable disordered regions involved in polyelectrostatic interactions, and conserved disordered motifs involved in highly context-dependent interactions. This concept recalls that of "constrained disorder" and "flexible disorder" already applied to a model oncoviral protein (Chemes et al., [@B20]).

In all members of the Rb family, structured domains alternate with disordered regions that, overall, in a multi-domain hub protein are expected to have a linker function. This might not be the case of RbPL, between the structured regions A and B of pocket domain, and of C-terminal region that contains the largest cluster of Cdk-phosphorylatable sites. Our ANCHOR analysis indicates that RbPL contains a binding module in p107 and p130 orthologs, while the C-terminal region contains a binding module in the whole set of Rb-like proteins considered. We observed that these two disordered regions are the most conserved among orthologs from different species, and the most subjected to length changes within paralogs (Figure [S6](#SM2){ref-type="supplementary-material"}). Hence, members of Rb-like family might offer the example of a modular protein that evolved its ability to bind multiple interactors through changes mainly confined in disordered regions, without impairing a core of shared and highly conserved structural/functional constraints. This finding is in keeping with the evidence that disordered regions can be a source of genetic variation with adaptive potential (Nilsson et al., [@B97]).

Interactome analysis of budding yeast Whi5 and human pocket proteins
--------------------------------------------------------------------

### The Whi5 and Rb interactomes

Genetic and physical protein interactors of budding yeast Whi5 were obtained as described in Material and Methods. Out of 144 Whi5 interactors, only 18 physically interact with Whi5, the remaining having been classified so far only as genetic interactors. With the exception of the histone deacetylases Hos 1, 3 and the protein kinase Pkp2, all Whi5 physical interactors have one or more physical interactors among the Whi5 genetic interactors. In turn, some of these second level interactors directly bind to third level interactors. Thus, the Whi5 interactome is organized hierarchically. Figure [6A](#F6){ref-type="fig"} shows all interactors color-coded according to function (see also Table [S9](#SM3){ref-type="supplementary-material"}). Gene Onthology (GO) terms enriched in Whi5 interactors (genetic plus physical) are reported in Table [S11](#SM3){ref-type="supplementary-material"} and shown as a hierarchical "treemap" in Figure [7A](#F7){ref-type="fig"}. The plot has been generated by Revigo (default parameters, see Supplementary Materials and Methods). In the treemap, representative clusters are shown as rectangles joined into superclusters of related terms, whose size reflects the *p*-value in Gene Ontology Annotation (GOA) database.

![**Functional classification of Whi5^Sc^ and Rb interactors. (A)** The interaction network of Whi5^Sc^ includes both physical and genetic interactors. Functional classification of interactors was derived from the classification model of Costanzo et al. ([@B27]). The interaction network is hierarchical. The panel shows proteins physically binding to Whi5^Sc^ (inner circle, first level interactors), genetic interactors physically binding to first level interactors (second circle, second level interactors), genetic interactors physically binding to second level interactors (third circle, third level interactors), and genetic interactors that do not interact with any second and third level interactors of Whi5 (outer circle). **(B)** The interaction network of Rb consists only of physical interactors, since all genetic interactors are also physical interactors. The functional classification of interaction network was derived from database and literature search and color-coded according to function.](fphys-04-00315-g0006){#F6}

![**GO term enrichment of Whi5, Rb and common interactors**. Treemap of GO term enrichment of Whi5 **(A)**, Rb **(B)** and common **(C)** interactors generated by the web service Revigo based on *p*-value of GO term enrichment of Biological Process.](fphys-04-00315-g0007){#F7}

Protein interactors of human Rb, drawn up as described in Materials and Methods and listed in Table [S12](#SM3){ref-type="supplementary-material"}, are reported in Figure [6B](#F6){ref-type="fig"} color-coded according to function. GO term enrichment of Rb interactors was obtained as described in Materials and Methods and is reported in Table [S13](#SM3){ref-type="supplementary-material"}. Figure [7B](#F7){ref-type="fig"} shows a Revigo-generated hierarchical treemap of GO terms enriched in Rb interactors.

The largest supercluster in Revigo-generated treemap of Whi5 interactors is tagged as "protein phosphorylation." It includes terms related to regulation of macromolecular biosynthesis and gene expression, whereas the other large supercluster includes terms related to regulation of cell cycle. The presence in the major supercluster of terms related to regulation of metabolic processes, together with the enrichment of terms related to "response to stress and stimuli and phosphorus metabolism," suggests a previously un-noticed combination of Whi5 with internal and external signals, whose tight integration is required for proper regulation of the G1/S transition.

The largest supercluster in Revigo-generated treemap of Rb interactors---tagged as "transcription from RNA polymerase II promoter"---includes GO terms related to metabolic processes and their regulation, such as "RNA metabolic process" and "macromolecule biosynthetic process," gene expression and regulation of biological process, as well as terms related to post-translational modifications, including "protein modification process." The supercluster tagged as "cellular response to stress" includes terms generically related to stress response as well as more specific response such as DNA damage, ions and estradiol and p53-mediated signal transduction events. The supercluster tagged as "regulation of cell cycle" includes GO terms related to regulation of apoptotic process, cell proliferation and differentiation, etc. The supercluster "chromosome organization" includes mostly terms related to chromatin organization and remodeling.

Comparison of GO term enrichment of Whi5 and Rb (Figures [7A,B](#F7){ref-type="fig"}, respectively) indicates conservation of many terms. A different view is presented in Figure [7C](#F7){ref-type="fig"} that shows a core of conserved common functionalities associated with Whi5^Sc^ and human Rb interactors. As expected, side-by-side comparison of the three panels highlights terms related to the control of cell cycle and transcription, but also includes less expected terms such as metabolism, phosphorous metabolism and response to stress. Notably, cell death is enriched in Rb interactors, but is not present neither in Whi5 nor in the common terms. Strikingly, in the case of Rb the functions have been defined by a group of proteins that physically interact with Rb itself, while most Whi5 interactors have indirect connections to Whi5. Extension of analysis to genetic interactors results particularly useful in those case, such as *S. cerevisiae*, in which extensive, often genome-wide, genetic data sets are available.

The different topology of the functionally homologous Whi5 and Rb hubs raises the question of the selective force that drove the evolution of the inhibitors of the G1/S-specific transcription, eventually leaving Whi5 as a dead-end experiment and resulting into its substitution with the pocket proteins (Wirt and Sage, [@B144]), a small family of fully modular proteins, that includes Rb and is discussed below.

### The p107 and p130 interactomes

Rb, p107 and p130 belong to a pocket protein family, which share common pocket domain despite differences in their length and sequence (Cobrinik, [@B24]). This conserved pocket domain serves as a binding site for numerous cellular proteins. Protein interactors of p107 and p130 (Figures [8A,B](#F8){ref-type="fig"}, respectively) were obtained as described in Materials and Methods and are reported in Tables [S14](#SM3){ref-type="supplementary-material"}, [S15](#SM3){ref-type="supplementary-material"}, respectively. As reported for Rb, most notable p107 and p130 interactors are transcription factors, proteins involved in chromatin remodeling and protein modification enzymes, including protein kinases and their regulatory subunits (Figure [8E](#F8){ref-type="fig"}).

![**Functional classification and GO term enrichment map of physical interactors of Rb-like proteins. (A)** The functional classification of p107 (RBL1) and p130 (RBL2) interaction network was derived from database and literature search and color-coded according to function. **(B)** According to BioGRID database, Rb, p107, and p130 have some unique interactors and also shared interaction partners. **(C, D)** Treemaps of GO term enrichment of p107 **(C)** and p130 **(D)** interactors generated by the web service Revigo based on *p*-value of GO term enrichment of Biological Process. **(E)** The table contains a short description of the 25 shared interactors.](fphys-04-00315-g0008){#F8}

p107 and p130 preferentially bind to repressors E2F4 and E2F5, members of E2F transcription factor family (Dyson et al., [@B39]; Hijmans et al., [@B57]; Litovchick et al., [@B83]). Both p107 and p130 bind to DP (1--2) (TFDP1/2) (Wu et al., [@B146]; Litovchick et al., [@B83]) (Figure [8A](#F8){ref-type="fig"}). Like Rb, p107, and p130 are phosphorylated by Cyclin/Cdk during cell cycle (Xiao et al., [@B148]; Lacy and Whyte, [@B74]; Classon and Dyson, [@B23]). Among histone modification enzymes, HDAC1, HDAC2, and HDAC3 interact with p107 and Rb, whereas the HDAC1 interacts with p130 (Ferreira et al., [@B43]; Lai et al., [@B76]); Histone-lysine N-methyltransferase SUV39H1 interacts with p130, p107, and Rb (Nicolas et al., [@B96]).

GO term enrichment of p107 and p130 interactors was obtained as described in Materials and Methods (Tables [S16](#SM3){ref-type="supplementary-material"}, [S17](#SM3){ref-type="supplementary-material"}, respectively). Figures [8C,D](#F8){ref-type="fig"} show a hierarchical treemap of GO terms enriched in interactors of p107 and p130, respectively generated by Revigo (default parameters) (see Materials and Methods). In the case of p107, the largest supercluster tagged as "transcription from RNA polymerase II promoter" includes GO terms related to metabolic processes and their regulation, such as RNA metabolic process, macromolecule biosynthetic process, and terms related to gene expression and transcription initiation. The second supercluster, "transforming growth factor beta receptor signaling pathway", includes terms generically related to signal transduction as well as more specific signaling pathways, such as androgen receptor signaling pathway, response to DNA damage stimulus, and regulation of cell communication events. The supercluster tagged as "chromatin modification" includes mostly terms related to chromatin organization and remodeling (Figure [8C](#F8){ref-type="fig"}).

In the case of p130, the largest supercluster tagged as "positive regulation of macromolecule metabolism" includes GO terms generically and specifically related to regulation of metabolic processes, gene expression, control of biological process. The supercluster "chromatin modification" includes mostly terms related to chromatin organization and remodeling (Figure [8D](#F8){ref-type="fig"}).

Toward an expanded model for Whi5 function
------------------------------------------

Interactomic data presented in section "Interactome analysis of budding yeast Whi5 and human pocket proteins" suggest that various pathways may be regulated by---or impinge upon---Whi5 function. On the contrary, in current models of yeast cell cycle (Barberis et al., [@B8]; Kaizu et al., [@B65]) a very limited subset of the Whi5 protein interactors are present. In order to improve our understanding of Whi5 function, we present an expanded model of Whi5 function obtained by step-wise incorporation of first-, second- and third-level Whi5 interactors (Figure [9](#F9){ref-type="fig"}). The model contains four major integrated functional modules: synthesis and transport of Whi5, protein modification and protein folding, silencing, and regulation of gene expression. The model concentrates on first-, second, and third-level interactors of Whi5, with the aim to put in context the information gained by the interactome analysis presented in section "Interactome analysis of budding yeast Whi5 and human pocket proteins". Figures [S7](#SM2){ref-type="supplementary-material"}--[S9](#SM2){ref-type="supplementary-material"} present blow-ups of some of the above modules and will be referenced in the text as necessary.

![**Concept map of Whi5 function**. The model has been designed in order to include all first-, second- and third-level Whi5^Sc^ interactors. The map is divided in four major modules: Whi5 synthesis and subcellular localization, Whi5 post-translational processing, Gene silencing, and Gene expression of SBF-dependent genes. Maps detailing hypothetical relation with Atg1 (belonging to the autophagy pathway), Tpk1 (cAMP/PKA nutrient signaling pathway), and Yck1 (cell polarity/morphogenesis) are in supplementary Figures [S7](#SM2){ref-type="supplementary-material"}--[S9](#SM2){ref-type="supplementary-material"}, respectively. The list of SBF-target genes derives from Ferrezuelo et al. ([@B44]).](fphys-04-00315-g0009){#F9}

### Synthesis and subcellular localization of Whi5

Transport in- and out of the nucleus plays a major role in controlling the function of Whi5. Whi5 nuclear import is mediated by the classical nuclear import pathway that comprises Kap95 (importin β 1) and Kap60 (importin α) and recognizes the Nuclear Localization Sequence at the N terminal moiety of Whi5. Whi5 nuclear export is mediated by the karyopherin Msn5 and requires a Nuclear Export Sequence whose function is regulated by phosphorylation (Taberner et al., [@B125]). Recently a correlation between Whi5 translocation and activation of START has been shown using a live-cell video microscopy approach: at least 50% of Whi5 needs to exit the nucleus in order to commit cells to exit G1 and initiate a new cell cycle (Doncic et al., [@B35]).

### Post-translational processing of Whi5

As mentioned above, protein kinases are the most abundant class of Whi5 physical interactors.

Whi5 contains putative phosphorylation sites corresponding to these Whi5-interacting kinases. Since these sites have been found to be actually phosphorylated *in vivo*, we propose that Whi5 acts as a substrate for these kinases (Figure [9](#F9){ref-type="fig"}). When yeast cells pass through START in the cell cycle, the building up of Cnl3-Cdk1 first, and then of Cln1,2-Cdk1, and the ensuing phosphorylation of Whi5---and possibly of some of its partners such as Swi6---removes inhibition of transcription and leads to the G1/S transition. Interestingly, the interactions between Whi5 and KDACs is interrupted by Cln3-Cdc28 and Pcl9-Pho85-dependent phosphorylation, leading to transcription of a number of genes essential for G1/S transition, including *CLN1* and *CLN2*. Eventually these two cyclines bind with Cdc28 and further phosphorylate Whi5, promoting its dissociation from SBF and its nuclear export (Huang et al., [@B60]). Phosphorylated Stb1 may remain at the promoter and stimulate gene activation (Takahata et al., [@B126]) (Figure [9](#F9){ref-type="fig"}).

While the role of Cln1,2,3-Cdk1 kinase complexes in regulating Whi5 function and subcellular localization is known (Costanzo et al., [@B27]; de Bruin et al., [@B32]; Charvin et al., [@B19]), the role---if any---played by phosphorylation by the other kinases remains to be evaluated. Subcellular localization of these kinases was obtained from Yeast Protein Localization^Plus^ Database (YPL+.db). Regulated phosphorylation by these kinases may link the functional state of Whi5 to different stimuli and/or cell fates. For instance Tpk1, one of the catalytic subunits of cAMP-dependent protein kinase, Ptk2 and Pho89/Pcl9 may link Whi5 to sensing of different nutrients such as carbon, nitrogen and inorganic phosphate. Some of the other kinases that phosphorylate Whi5 or its interactors may contribute to define yeast cell fate. These kinases include Agt1 (autophagy), Yck1 and Hsl1 (cell polarity/morphogenesis), Ime2 (meiosis), Rad53 (DNA damage-repair), while the KAT acetylating enzyme might convey information regarding the metabolic state. In the concept map reported in Figure [9](#F9){ref-type="fig"} these pathways are not drawn in full, but the pathway is highlighted in light blue, simply to indicate which functional information these events (mostly phosphorylations) may convey to Whi5.

### Gene silencing and gene expression regulation

The Whi5 physical interactors Swi4---a DNA binding protein---and Swi6---a co-activator---form the SBF complex that activates its target genes by binding to SCB element. In late M/early G1, SBF recruits multiple components to promoters: Whi5 is recruited through interaction with Swi4, whereas Spt16 and Pob3 (i.e., the FACT complex) (Wittmeyer et al., [@B145]; Costanzo et al., [@B28]) that are involved in regulation and timing of transcription of SBF/MBF target genes, are recruited through interaction with Swi6 (Takahata et al., [@B126]). Stb1 and Whi5 both help to recruit Rpd3 (L)---a lysine deacetylases (KDAC) (Takahata et al., [@B126]). Other KDACs, like HOS1 and HOS3, are also recruited to reorganize the chromatin thus inhibiting gene expression.

Upon Cdk1-mediated phosphorylation and nuclear exclusion of Whi5, promoters of SBF target genes recruit additional proteins that promote gene expression. These include Esa1 which is the catalytic subunit of NuA4 histone acetyltransferase (KAT), involved in acetylation of histone proteins and other proteins, and help to promote cell cycle progression. This protein also acetylates Whi5 and Swi4 (Lin et al., [@B82]), though function of this acetylation remains unknown. Eaf1---a Whi5 genetic interactor---acts as a platform for assembly of NuA4 subunits into the native complex. Some SBF target genes---(Figure [9](#F9){ref-type="fig"})---encode genetic interactors of Whi5. Notably, early transcription of *CLN1* and *CLN2* originates a positive feedback loop to further phosphorylate Whi5 and increase gene expression, late transcription of *NRM1* helps to turn off MBF target genes (Eser et al., [@B42]).

Conclusions {#s3}
===========

A striking difference between the Rb and Whi5 interactomes is the large difference in the number of physical interactors. Such a difference, however, does not simply correlate with protein size. Structural organization of Rb and Whi5 is in fact quite different. Whi5 is almost entirely disordered, a feature making it suitable to act as a "dynamic" or date hub, offering single-interfaces to bind different partners at different times or locations. Rb---that contains several ordered domains linked by disordered regions---can instead be assimilated to a typical "static" or party hub, whose multi-interface binding surfaces make it able to synchronously interact with several partners. The observation that Rb-like proteins also contain entirely disordered modules (e.g., the C-terminal and, presumably, the RbPL domain) likely required in transient binding interactions, does not impair the overall view of Rb as a multi-interface or party-hub protein.

Overall, hubs evolve more slowly than proteins with few interaction partners (Krylov et al., [@B71]). In turn, party- and date hubs revealed different rates of evolution, a feature that has been related to their structure and to their role in the context of a modular organization of cellular functions. Indeed, party hubs have been reported to preferentially connect proteins within a functional module, defined as a group of proteins that carries a semiautonomous function (Gerhart and Kirschner, [@B48]; Hartwell et al., [@B53]; Schlosser and Wagner, [@B110]), while date hubs are "higher level" connectors and usually bridge different modules (Han et al., [@B50]; Fraser, [@B46]; Singh et al., [@B118]). Similarly to domains in proteins, functional modules tend to be conserved, while inter-module connectors are more variable and allow formation of new clusters of conserved modules, potentially leading to new functions (Fraser, [@B46]). The need for inter-modular connectivity, mainly assigned to structurally disordered, date hubs could also explain the increasing abundance of IDPs along the phylogenetic tree.

The physical interactome of Whi5 is dominated by kinases, nine interactors out of eighteen being either regulatory (Pcl9) or catalytic (Atg1, Cdc28, Pho85, Pkp2, Ptk2, Rad53, Tpk1, Yck1) subunits of protein kinases. Among the 36 phosphorylation sites predicted by the NetPhosYeast 1.0 server in Whi5^Sc^, 25 have been experimentally verified (Table [S10](#SM3){ref-type="supplementary-material"}). Twelve experimentally verified sites match the Cdk-consensus site, while six more sites match consensus sites for protein kinases that directly bind Whi5. This finding suggests, although it does not prove, that Whi5 is a substrate for those kinases physically interacting with it. This kinase subset includes Cdc28, Rad53, and Pho85, involved in the control of cell cycle; Pho85 and Tpk1 regulating the cellular response to nutrient and environmental conditions, Yck1 involved in septin assembly and endocytic trafficking, and Pkp2, a negative regulator of activity of the mitochondrial pyruvate dehydrogenase complex. The high number of kinases regulating Whi5 activity suggests that Whi5 acts as an acceptor node in its network. Disordered regions in Whi5 evolving at different rates---presumably because different kinds of constrains exerted by phosphosites-mediated recognition mechanisms---are reminiscent of a primitive multi-domain architecture and seems to prefigure the quest for a multi-interface platform. Thus, in evolutionary terms, we may speculate that Whi5, a weakly constrained, possibly inter-modular hub, has been substituted by Rb and its paralog pocket proteins, each acting within a separate functional module. Such a strategy, may allow to more accurately control the complex mechanisms coordinating cell cycle and differentiation programs in higher Eukarya. Overall, the dramatic change occurred in key regulatory proteins without major alterations in the basic regulatory networks, witnesses that topology and regulatory features of networks and circuits (Palumbo et al., [@B100])---rather than individual proteins---are the key actors in biological evolution (Cross et al., [@B30]).

Studies of network topology give interesting insights into the function of biological modules, but do not account for cellular dynamics. Molecular models are needed to increase our understanding of organization, regulation, and execution of the module under investigation, to identify principles of design and system-level properties and finally to achieve predictive ability on the behavior of the system and its components. As a first step to improve our understanding of Whi5, we step-wise added first-, second- and third-level interactors thereby obtaining a first "concept map" of Whi5 function and regulation. The concept map indicates that fine tuning of Whi5 activity is likely more complex than so far anticipated (Figure [9](#F9){ref-type="fig"} and Figures [S7](#SM2){ref-type="supplementary-material"}--[S9](#SM2){ref-type="supplementary-material"}). Thus, while Cdk may directly switch the Whi5 engine on and off, the kinase network surrounding Whi5 may be able to fine tune its performance, effectively conveying nutrient sensing and metabolism, as well as stress, cell polarity and morphogenesis signals to Whi5 function during mitotic cell cycle, differentiation, and autophagy.

By further focusing on molecular details of Whi5 structure and through biomolecular interaction experiments with model peptides, we have been able to integrate different aspects of Whi5 function as outlined in the model of Figure [3D](#F3){ref-type="fig"}. Motif 2, i.e., the Whi5 region predicted with α-helical structure (Figure [1A](#F1){ref-type="fig"}), has no phosphorylation sites and binds the Swi6 carboxyl tail (Travesa et al., [@B130]). Motif 1 and motif 3---containing the evolutionary most conserved phosphorylation sites, and relevant for Whi5 function and localization---are able to interact (Figures [3A--C](#F3){ref-type="fig"}), thereby constraining conformational freedom of Whi5 that might consequently adopt a protease-resistant, compact conformation competent for SBF inhibition. Phosphorylation of sites in motif 1 severely reduces motif 1-motif 3 interaction (Figure [3C](#F3){ref-type="fig"}): this could affect Whi5 folding, in keeping with previous hypothesis that post-translational modifications may modify the electrostatic interaction and the compactness of a disordered protein/region (Mittag et al., [@B92]; Lambrughi et al., [@B77]). As a result, Whi5 dissociates from the Swi6-Swi4 (SBF) complex, freeing it to activate G1/S-specific transcription (Figure [3D](#F3){ref-type="fig"}, Late G1 phase, upper panel).

Similarly, phosphorylation of four N-terminal Cdk1 sites in Swi6---located in a region predicted by PONDR-FIT as highly disordered (Figure [S10](#SM2){ref-type="supplementary-material"})---may alter Swi6 conformation, thereby altering its ability to interact with Whi5 (Figure [3D](#F3){ref-type="fig"}, Late G1 phase, lower panel). The phosphorylation states depicted in these panels are a limit-case scenario in which phosphorylation takes place *either* on Whi5 *or* on Swi6 and mimics what can actually be observed in Swi64^Ala^ or Whi6^4Ala^ mutants. In wild-type cells we may expect that both proteins get some phosphorylation and that dissociation is induced when the first protein gets four phosphate groups. The model is consistent with genetic data (Wagner et al., [@B141]) that indicate that either Whi5 or Swi6 phosphosites need to be present to maintain wild-type phenotype. Thus, the inactivation mechanism would be achieved through phosphorylation of a precise pool of Cdk sites belonging to a trans-modular domain---formed by the disordered motifs of both Whi5 and Swi6---, leading to conformational changes that disrupt the Whi5-Swi6 interaction and eventually causing the activation of the SBF branch of the G1/S regulon.

In conclusion, analysis at different zoom levels (analysis of structured and unstructured regions, interactome analysis), coupled to selected experiments allows to integrate previous information on Whi5, highlighting the importance of a multi-scale approach for a full understanding of complex biological functions (Kitano, [@B69]; Alberghina et al., [@B2]). The importance of combining structural data in functional protein network analysis has been recently highlighted (Kiel et al., [@B67]). Our results will pave the way to the construction of dynamic mathematical model(s) of increasing granularity, as well as to mutational and synthetic biology approaches (Kiel and Serrano, [@B66]) able to proof novel regulatory links within the Whi5 network.
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